The increase of movement repertoire in primates is associated with the appearance of additional specialized cortical areas interconnected with M1. Hamadjida et al. show that, instead of being uniformly distributed, cortical connections with these specialized areas are largely segregated into modules in M1 that form parallel sensorimotor networks.
In primates, the refinement of motor behaviors, in particular hand use, is associated with the establishment of more direct projections from primary motor cortex (M1) onto cervical motoneurons [1, 2] and the appearance of additional premotor and sensory cortical areas [3] . All of these areas have reciprocal connections with M1 [4] [5] [6] [7] . Thus, during the evolution of the sensorimotor network, the number of interlocutors with which M1 interacts has tremendously increased. It is not clear how these additional interconnections are organized in relation to one another within the hand representation of M1. This is important because the organization of connections between M1 and phylogenetically newer and specialized cortical areas is likely to be key to the increased repertoire of hand movements in primates. In cebus monkeys, we used injections of retrograde tracers into the hand representation of different cortical areas of the sensorimotor network (ventral and dorsal premotor areas [PMv and PMd] , supplementary motor area [SMA] , and posterior parietal cortex [area 5]), and we analyzed the pattern of labeled neurons within the hand representation of M1. Instead of being uniformly dispersed across M1, neurons sending projections to each distant cortical area were largely segregated in different subregions of M1. These data support the view that primates split the cortical real estate of M1 into modules, each preferentially interconnected with a particular cortical area within the sensorimotor network. This modular organization could sustain parallel processing of interactions with multiple specialized cortical areas to increase the behavioral repertoire of the hand.
RESULTS

Physiological Mapping and Injection of Neuroanatomical Tracers
All procedures were performed in accordance with the guidelines of the Canadian Council on Animal Care and approved by the Comité de Dé ontologie de l'Expé rimentation sur les Animaux of the Université de Montré al. In three adult cebus monkeys, we used intracortical microstimulation (ICMS) techniques to derive motor maps in the primary motor cortex (M1), ventral premotor cortex (PMv), dorsal premotor cortex (PMd), and supplementary motor area (SMA) (Supplemental Experimental Procedures). In the parietal cortex, multiunit recording techniques were used to identify the location of the hand representation in areas 1 and 2 and the border between areas 2 and 5. Figure 1 shows representative electrophysiological mapping data from one monkey (CB-7). In M1, digit and wrist/forearm movements formed a contiguous area, which we referred to as the hand area [8, 9] . The hand area was surrounded by representations of proximal movements (elbow or shoulder), orofacial movements, and non-responsive sites. In particular, only non-responsive sites were found along the rostral wall of the central sulcus (depths of 2,000-4,000 mm), supporting that the hand area of M1 is located on the cortical surface in cebus monkeys [4, 8] .
After physiologically locating PMv, PMd, SMA, and area 5, we made focal injections of different anatomical tracers into the hand representations (volume = 0.4 ml; tracers used: fast blue (FB), fluoro-ruby (FR), fluoro-emerald (FE), and biotinylated dextran amine (BDA); see Table S1 ). Photomicrographs of the injection core for each tracer in CB-7 and examples of labeled cells in M1 are shown in Figure 1C .
To facilitate the precise co-registration of the anatomical and physiological data, we used tangential sections of flattened cortex [10, 11] (Supplemental Experimental Procedures). For each tracer, six sections were systematically reconstructed across the depth of the cortex. Figure 2 shows the complete reconstruction of identified cell bodies in the ipsilateral hemisphere in one monkey (CB-7). Reconstructions of anatomical data for the other two monkeys are found in Figure S1 (CB-5) and Figure S2 (CB-4). In addition to the labeling in M1, which was the focus of the study, labeled cells were found in the different areas we physiologically identified in the frontal and parietal cortices. The general pattern of labeling across the hemisphere for each injection site (PMv, PMd, SMA, and area 5) was comparable for all three monkeys and consistent with previous descriptions [4, 6, 11] . Figures 3A-3D show cell bodies labeled by each neuroanatomical tracer in relation to the M1 hand representation (gray area) for all three monkeys (three left columns). Although there was some variability across cases, which may have been caused by the efficacy of the tracers or different sizes of the effective injection cores (Table S1 ), the main finding is the consistency of the major focus of labeled cells in each animal.
Pattern of Labeling in the M1 Hand Representation
After tracer injections in PMv ( Figure 3A ), most labeled cells were consistently found in the rostro-lateral (RL) part of the M1 hand area. For each animal, the zone with the most densely packed labeled cell bodies was identified, and it is shown with an isodensity contour line (Supplemental Experimental Procedures) overlaid onto the M1 hand representation (high-density zone; small dark gray contour within the hand area). Additional cells were found in the rostro-medial (RM) aspect of M1. Fewer labeled cells were found in the caudo-lateral (CL) part of M1. Overall the pattern of M1 outputs to PMv we found was similar to the one described in squirrel monkeys [10] . Following injections of tracers in PMd ( Figure 3B ), the cells tended to be more scattered than after injections in PMv. This was particularly obvious in CB-7, where PMd was injected with FE. However, in all three animals the most densely packed cell bodies were RM. Additional neurons were found in the RL part and fewer across the caudal part of M1. The broader extent of connections of PMd across M1 is in line with the pattern of PMd projections to M1 we found in cebus monkeys [8] . Injections in SMA ( Figure 3C ) labeled many neurons in the medial aspect of the M1 hand area. In all three animals, the zone with densely packed cells was found about midway caudo-medial. Additional labeled cells were scattered in the rest of the hand representation of M1. Again after the injection of FE (CB-4, third column), labeled cells appeared to be more broadly distributed across medial M1. Finally, injections in area 5 ( Figure 3D ) primarily labeled neurons in caudal M1. In all three monkeys, cells were most densely packed in the CL part. In CB-5 and CB-7 fewer additional cells (Table S1 ). AS, arcuate sulcus; CS, central sulcus; IPS, intraparietal sulcus; M1, primary motor cortex; PMd, dorsal premotor cortex; PMv, ventral premotor cortex; SMA, supplementary motor area; 1, area 1; 2, area 2; 5, area 5. Scale bar, 1 mm. (C) Photomicrographs show the injection sites of all four tracers injected into CB-7 in relation to the physiological maps (left column). Scale bars, 1 mm. The alignment of the flattened sections and physiological maps confirmed that each tracer was injected in the hand representation of the targeted area. The right column shows examples of cell bodies that the tracers injected into CB-7 labeled in M1. Scale bars, 100 mm.
were found in the other regions of M1. In CB-4, the injection of FB was more effective (Table S1) , and more cells were scattered in the rostral and medial portions of the hand representation.
We then wanted to quantitatively verify if subregions within the M1 hand representation preferentially send projections to a given cortical area. For each high-density zone ( Figures 3A-3D , gray contours), we calculated a relative density of labeled neurons from the different injection sites (Supplemental Experimental Procedures). If the projections to the premotor areas and area 5 were evenly distributed across M1, each high-density zone should have had a fairly even distribution of neurons labeled by each tracer. Conversely, if these regions of M1 truly projected preferentially to one particular area, this should have been reflected in the proportion of neurons labeled with different tracers. In each high-density zone, we found that more than 50% of the labeled neurons projected to one cortical area ( Figures 3A-3D , far right column), and their relative density was significantly greater than that of other labeled cells (one-way ANOVA, Tukey's post hoc, p < 0.05). These results support that there are subregions within M1 where many more neurons are projecting to only one cortical area that we injected (i.e., PMv, PMd, SMA, and area 5).
Segregation of Cell Clusters in M1 Sending Outputs to PMv, PMd, SMA, and Area 5 A warping algorithm was used to create morphed images that combine the data of all three monkeys ( Figure 4A ) [10] (Supplemental Experimental Procedures). The consistency of the pattern of labeling across monkeys for each injection site is emphasized by this analysis, independently of the criteria used to perform the morphing (see Figure S3) . After injections in PMv, a densely packed cluster of labeled neurons mostly located in the RL part and extending into the RM part of M1 can be observed in the morphed image. Although less dense, the cluster of cells after injections in the PMd is observed in the RM part. Finally, injections in SMA resulted in a cluster in the caudo-medial (CM) part of M1, and injections in area 5 resulted in a cluster mostly located in the CL part and extending slightly into the RL part of M1.
To better summarize the location of the clusters of neurons in relation to one another, we combined the high-density regions into a single composite map of M1. Figure 4B shows the location of the isodensity contour lines derived from the morphed images for each injection site ( Figure 4A ). This analysis shows that the densest clusters of neurons sending projections to the four distant cortical areas we injected were largely segregated from each other. We conclude that PMv, PMd, SMA, and area 5 each have preferential connections with a distinct subregion of M1. Figure 4C summarizes the pattern of primary outputs from the subregions of the hand representation of M1 based on the present results (green arrows) as well as the primary target of projections from PMv, PMd, SMA, and area 5 based on our previous publication (red arrows [8] ).
DISCUSSION
We studied the pattern of cortical outputs of M1 to different premotor areas (PMv, PMd, and SMA) and the lateral portion of area 5 in cebus monkeys. Cebus are a New World primate species with corticomotoneuronal projections [1] in which these areas are well defined [4, 12] . They are capable of complex motor behaviors [13] and precision grip [14] . One advantage of this species, in comparison with macaques, is that M1 is located on the cortical surface [4, 8] . This allowed us to conduct high-resolution physiological mapping and precise co-registration of the . We found the high-density zones systematically contained greater proportions of labeled cells projecting to one cortical area injected. In the high-density zone identified after PMv injections (A), the relative density of the labeled neurons projecting to PMv was significantly greater (9.7%/mm 2 injections, respectively. These results support that neurons projecting to the four injected areas were clustered in specific subregions of M1.
physiological maps with anatomical data in tangential sections. We found that neurons sending cortical projections to PMv, PMd, SMA, and area 5 were concentrated in specific zones within the M1 hand representation that were largely segregated from one another. Neurons within these subregions are thus part of a unique sensorimotor network wherein they are weakly interconnected with several cortical regions but strongly connected with one specific cortical area. We propose that this detailed modular organization within the M1 hand area could sustain parallel processing of interactions with multiple specialized cortical areas to increase the behavioral repertoire in primates.
The increased complexity of movements in primates, for example, the use of tools, is associated with the appearance of phylogenetically newer cortical areas (e.g., premotor areas) and the expansion of the hand representation in other areas (e.g., area 5) [3, 15] . These areas are part of overlapping but distinct networks that support their specialized functions. One possibility is that the integration of the unique information conveyed by each specialized cortical area is mainly performed within M1. If so, they should be broadly interconnected with the entire population of neurons in M1 and their patterns of connections largely overlapping. Whereas we did find some overlap in the pattern of M1 outputs, our data support a different view hand representation sending the densest outputs to diverse cortical areas, based on the present dataset (green arrows) and the zone receiving the predominant projection from cortical areas (red arrows) [8] .
that the increased number of cortical interlocutors has pressured the division of the hand area of M1 into functional modules that are part of parallel cortical networks. Based on this pattern of cortical connectivity, perhaps neurons within these M1 modules are primarily involved in the transformation of specific information from one cortical interlocutor into motor primitives. Accordingly, the integration of the cortical drive from the various cortical areas into a final common output may largely occur at lower sites along the neural axis.
It is worth noting that, among areas we studied, PMd had the most scattered pattern of connections in M1, a finding that is in line with our recent studies on cortical inputs to the hand area of M1 [8] . It thus appears that, in comparison to other cortical areas, the specific information carried by PMd, for example, its involvement in the preparation of goal-oriented reaching [16] , may be more integrated at the level of M1. One possibility is that PMd has a broader pattern of connections across M1 because it may have appeared earlier during evolution compared to the other areas injected in this study.
The pattern of inputs we have described [8] and outputs of M1 found in the present study are quite similar. Together the results support that the preferential connections M1 subregions have with distant cortical areas are reciprocal. The high degree of reciprocity of the cortical connections of each module [8] points to the importance of closed-loop interactions between M1 and its interlocutors for the cortical control of hand movements [17] . The contributions of cortical areas on the production of motor outputs have been the focus of several studies. For example, PMv is known to have a wide range of effects on M1 outputs that vary during different phases of a movement and are affected by the type of movement produced [18, 19] . To date, however, little is known about the inverse situation, namely the reciprocal effect of outputs from M1 to other cortical areas. Considering the quantity of M1 outputs and the high reciprocity of cortical connections of M1 [20] , it is likely that these interactions also are crucial for the precise control of complex hand and arm movements. In the visual system, feedback connections from the visual cortex to the lateral geniculate nucleus (LGN) have been proposed to play diverse roles, such as modulating the gain of LGN neurons [21] or inducing correlated firing to increase their drive on the cortex [22] . Similarly, M1 projections to other cortical areas may increase correlated firing during movement or perhaps induce a memory trace of the pattern that can be refined in subsequent trials [23] . If so, cortical outputs from M1 could drive the formation of modules by favoring the inputs from specific regions and the reinforcement of the interconnections with this region. Neural processing within a module may become more in tune with the specialized role of the cortical area with which it is preferentially interconnected, and it may be more involved in the production of corticospinal outputs when these specific functions are required by the given motor task.
Whereas the medio-lateral organization of the cortical representation of different body parts is well established [24, 25] , proposing a coherent pattern within the hand area of M1 has been much more challenging [26] . Even for M1 neurons with direct corticomotoneuronal connections, the firing pattern does not appear to simply reflect their outputs to target muscles, but rather their involvement in specific functions of these muscles (e.g., agonist and stabilizer) [27] . One possibility is that each module in the hand area of M1 includes comparable populations of neurons with a wide range of functional outcomes. Functional primitives formed in each module would result from predominant interactions with a given distant cortical area and could then be combined downstream to generate movements. If so, perhaps the organization of M1 lies beyond the output properties of M1 neurons themselves, and rather it is based on the specific interactions of these neurons with other components of the complex sensorimotor network. These specialized and parallel networks may have emerged with the addition of cortical areas in primates that sustained the refinement and increased complexity of hand movements. 
